Abstract-Torque ripple is the main cause of motor vibration and noise. In order to reduce the torque ripple of the switched reluctance motor (SRM), a new type of rotor tooth profile is studied, namely adding a semi-oval auxiliary core on both sides of the conventional parallel rotor tooth profile. Using a finite element method, a 12/8-pole SRM was modeled, and an optimal modified model was obtained through parameterized simulation. At the same time, in order to further reduce the torque ripple, the turn-on and turn-off angles of the power converter are optimized, and the torque jump caused by the commutation phase is alleviated. The combination of turn-on and turn-off angles is obtained through simulation calculation, and it can not only significantly reduce the torque ripple of the SRM, but also alleviate the local saturation caused by the double salient pole. This method can reduce the local saturation caused by the double salient structure and the large torque jump caused by the commutation phase. This method is of reference for other double salient motors.
INTRODUCTION
Switched reluctance motor has no rotor windings and permanent magnets. Therefore, it has a simple structure, low cost and high reliability. It is suitable for harsh environments such as high speed and high temperature. SRM has always been regarded as one of the best solutions for electric vehicle drive systems [1, 2] . However, the vibration and noise caused by torque ripple has been the main bottleneck limiting the universal application of the SRM. Therefore, minimizing the torque ripple of a SRM has become one of the hot issues of many SRM researchers today.
There are three main reasons for the torque ripple generated by a SRM: (1) edge flux; (2) local saturation of the exciter magnetic poles and the rotor pole due to the double salient pole structure; (3) The phase current and torque jump are caused by switching power converter circuit in switched reluctance motor system [3, 4] . These three aspects lead to inherent torque ripple of the SRM domestic and foreign scholars mainly reduce the torque ripple of SRM by optimizing the structure and control strategy of the motor. However, most of the literature research focuses on the field of control. Many scholars proposed new intelligent control strategies based on the torque distribution control strategy [5] , variable structure control strategy [6] , and modern control theory [7, 8] . The method of control field increases the complexity of the controller and cost of the motor. Therefore, the research on reducing the torque ripple of the SRM through the design of the motor body structure has gained attention in recent years.
In [9] [10] [11] , an SRM body structure is taken as the research object, and the influence of the opening position and opening size of the rotor core on the torque ripple is analyzed. This method reduces the torque ripple of the motor by changing the magnetic field distribution inside the rotor. In [12, 13] , in order to reduce the torque ripple of SRM, a V-shaped slot of appropriate size is opened on the side of each rotor pole, and the opening of the V-shaped slot faces the direction of rotation. However, the shortcoming of this method is that the torque ripple can only be reduced in one direction, and the average torque is reduced. In [14, 15] , the influence of the edge flux is improved by changing the SRM stator and rotor pole piece structure, thereby reducing the motor torque ripple. The effects of four different rotor tooth profiles on torque ripple were compared by Maxwell tensor method [16] . In [17] [18] [19] [20] , the air gap magnetic density is improved based on changing the stator pole surface structure to form an uneven air gap, thereby reducing the SRM torque ripple. However, there is little research on the local saturation of the exciter magnetic poles and the rotor pole due to the double salient pole structure.
In order to reduce the SRM torque ripple, a new rotor tooth profile is studied. On the basis of the parallel teeth of the conventional SRM, a semi-elliptical auxiliary iron core is added on both sides of the rotor magnetic pole, and the conventional rotor parallel teeth are changed into a drum type tooth structure. The added semi-elliptical core long axis is fixed to the rotor pole length, and the ratio of the short axis to the long axis of the semi-elliptical core is defined as the coefficient P . The torque ripple of the SRM is reduced by optimizing the coefficient P . Therefore, an improved model of the SRM is obtained. In order to further reduce the torque of the SRM, the effects of turn-on and turn-off angles on the torque ripple are studied. By optimizing the turn-on angle and the turn-off angle, the optimized model of the switched reluctance motor is obtained, and the torque ripple is significantly reduced.
TORQUE RIPPLE OPTIMIZATION DESIGN
The design scheme is proposed by the source generated by the torque ripple of the SRM. In order to alleviate the local saturation of the exciter magnetic poles and the rotor pole caused by the double salient pole structure, a new type of SRM rotor tooth profile is studied. A semi-elliptical auxiliary iron core is added on both sides of the parallel teeth of the conventional SRM. As shown in Fig. 1 the semi-elliptical auxiliary core long axis h r is fixed to the rotor pole length, and d represents the semi-short axis distance. The ratio of the short axis to the long axis of the auxiliary core is defined as the coefficient P :
The variable d is set in the finite element software. Through the comparison of the parametric simulation results, the optimal semi-short axis distance d is found, and the optimal coefficient P is calculated. The improved model of SRM motor is obtained. In order to alleviate the transition of phase current and torque, the optimal combination of opening angle and turn-off angle is obtained by optimizing the opening angle and the turn-off angle of the power converter. By optimizing the turn-on angle and turn-off angle, finding the optimal opening angle and closing angle combination scheme, the optimized model of the switched reluctance motor is obtained.
MODEL OF SRM
This paper takes the rated power 15 kW, rated voltage 220 V, rated speed 1500 r/min, three-phase 12/8 pole SRM as an example. The finite element software Ansoft Maxwell was used to establish a two-dimensional field-circuit coupling model to study the influence of motor torque ripple. The main parameters of the motor are shown in Table 1 . 
CALCULATION RESULTS AND ANALYSIS
The torque ripple factor K T is defined as:
where T max is the maximum torque value when the motor is running stably, T min the minimum torque value when the motor is running stably, and T av the average torque value when the motor is running stably.
Transient Magnetic Field Analysis
The simulation results of the motor are shown in Fig. 2 . Compared with the conventional SRM structure, the motor flux path saturation is greatly reduced after the motor adopts the new rotor tooth profile. In order to reduce the local saturation when the stator poles are aligned, a semi-elliptical core is added on both sides of the rotor of the conventional SRM, and the long axis is fixed to the rotor pole length. By changing the coefficient P , the torque ripple result is calculated as shown in Fig. 3 . As shown in Fig. 3 , as the coefficient P increases, the semi-short axis d of the auxiliary core increases, and the torque ripple coefficient of the SRM decreases. When the coefficient P exceeds 0.6, the torque ripple coefficient increases sharply. In general, torque ripple coefficient decreases first and then increases. The torque ripple was the minimum within the range of 0.4-0.6.
The calculation results are shown in Table 2 : coefficient P is in the range of 0.4-0.6, and the torque ripple is the smallest. In order to further accurately reduce the torque ripple coefficient of the SRM, the parameterized simulation step size is reduced. It can be seen from the calculation results that when coefficient P is 0.46, the torque ripple coefficient is at least 70.27%. According to the previous simulation calculation, when coefficient P is 0.46, the torque ripple coefficient is the smallest, and an improved model of the switched reluctance motor is obtained. A comparison chart of the transient torque waveforms of the improved SRM model compared to the conventional SRM model is shown in Fig. 4 .
As shown in Fig. 4 , the motor speed is 1500 r/min, and a simulation cycle time is taken as 10 ms to obtain the transient torque waveform of the motor starting to steady state. It can be seen from Fig. 4 that the torque ripple coefficient of the improved model switched reluctance motor is significantly reduced. This improved method has a peak clipping effect, and the torque ripple is significantly reduced. After calculation, the torque ripple coefficient of the conventional motor model is 90.37%; the average torque is 127.35 N · m; the improved model motor torque ripple coefficient obtained by adding a semielliptical auxiliary iron core on both sides is 70.27%; the average torque is 83.57 N · m. It can be seen from the calculation results that compared with the conventional motor model, the improved motor model torque ripple coefficient decreases by 22.24%, and the average torque decreases by 34.37%.
Take a point on the rotor magnetic pole and simulate the magnetic density waveform curve with time. The comparison diagram of magnetic density at a certain point of rotor between the conventional model and improved model is shown in Fig. 5 .
As can be seen from Fig. 5 , the maximum magnetic density of the rotor pole of the conventional model is 2.13 T, and the maximum value of the improved model is 1.85 T, which is 13.15% lower than the conventional model. It can be seen from the magnetic density comparison diagram that the new rotor tooth profile model can reduce the local saturation of the exciter magnetic poles and rotor pole, and verify the correctness of the model. However, compared with the conventional model, the average output torque is reduced. To overcome this disadvantage, the method of increasing the current can be used to increase the output torque. As shown in Fig. 6 , when the current is increased by 1.11 times, the conventional model and improved model of the SRM instantaneous torque comparison diagram and the magnetic density comparison diagram are obtained.
As can be seen from Fig. 6(a) , the torque ripple factor is still reduced compared to the conventional model. After calculation, when the current increases by 1.11 times, the improved model torque ripple coefficient is 82.53%, which is 8.68% lower than the traditional model. It can be seen from Fig. 6(b) that when the current is increased by 1.11 times, the maximum value of the improved model rotor magnetic density is 1.97 T, which is 7.5% lower than that of the conventional model. The simulation results further verify the effectiveness of the design. The improved model can effectively alleviate the local saturation of the exciter magnetic poles and the rotor pole caused by the double salient pole structure, and can reduce the torque ripple of the switched reluctance motor.
Static Magnetic Field Analysis
For the static magnetic field analysis of SRM, the current source is used as the excitation, and the single-phase winding excitation method is used for analysis. The stator winding current is 20 A. The simulation period is that the rotor of the motor rotates at a rotor pole angle of 45 • . The static torque comparison diagram between the conventional model and improved model is obtained by finite element software simulation, as shown in Fig. 7 .
It can be seen from which is 10.93% lower than the conventional model. By adding an auxiliary iron core on both sides of the rotor tooth, the local saturation of the exciter magnetic poles and the rotor pole caused by the double salient pole structure is alleviated, thereby miniaturizing the peak of torque and reducing the torque ripple of SRM.
Influence of Turn-on Angle and Turn-off Angle on Torque Ripple
In order to alleviate the phase current and torque jump caused by the switch-type power converter circuit of the SRM, the optimal switching on and off angles combination scheme is found by optimizing the turn-on angle and turn-off angle. The conventional SRM adopts a combination scheme of turn-on angle 0 • and turn-off angle 15 • [3] . As shown in Fig. 8 , the motor speed is 1500 r/min; the A phase closing time is 1.6670 ms; the corresponding turn-off angle is 15 • . At this time, the phase A current is attenuating; the B phase is just turned on; the current is increasing. At the moment of commutation, the phase A torque starts to decrease from the maximum value; the phase B torque rises from zero; the output torque is the superposition of the phase A torque and the phase B torque, thus causing a torque jump and large torque ripple.
In order to minimize the torque jump caused by the commutation time, the effect of the turn-off angle on the torque ripple is studied by using the scheme of the turn-off angle hysteresis. The calculation results are shown in Fig. 9 .
As shown in Fig. 9 , as the turn-off angle increases, the torque ripple coefficient of the SRM decreases significantly. However, when the turn-off angle is too large, the torque ripple coefficient increases instead. When the turn-off angle is 18 • , the torque ripple coefficient of the improved SRM model is the smallest, which is 0.3041, and the torque ripple coefficient is reduced by 56.72% compared with the conventional solution turn-off angle of 15 • . In order to further reduce the torque ripple coefficient of the SRM, the turn-off angle is fixed to 18 • , and the influence of the turn-on angle on the torque ripple coefficient is studied. The calculation result is shown in Fig. 10 .
After the turn-off angle is fixed at 18 • , the turn-on angle is fine-tuned. As shown in Fig. 10 , as the turn-on angle increases, the torque ripple coefficient of the SRM decreases first and then increases. When the turn-on angle is −0.2 • , that is, compared with the conventional turn-on angle, the ABC phases are turned on 0.2 • ahead of time, and the torque ripple coefficient is at least 0.2528.
In summary, in order to alleviate the torque change at the commutation time, a combination of a turn-on angle of −0.2 • and turn-off angle of 18 • is adopted, and the torque ripple of the SRM is the smallest. Compared with the conventional solution turn-on angle of 0 • and the turn-off angle of 15 • , the torque ripple coefficient is reduced by 64.02%. The current waveform after the turn-on angle and turn-off angle optimization scheme is shown in Fig. 11 .
It can be seen from Fig. 11 that when phase B current is turned on, phase A current is not turned off, which reduces the torque ripple caused by the commutation. The instantaneous torque comparison diagram of the improved model and optimized model of the switched reluctance motor is shown in Fig.  12 .
As shown in Fig. 12 , on the basis of the improved model, after the optimization of the turn-on angle and turn-off angle, the torque jump is significantly reduced at the moment of commutation. Compared with the improved model, not only the optimized SRM model torque ripple coefficient is significantly reduced, but also the average output torque is significantly increased. However, compared with the conventional model, the output torque is still reduced, which can be compensated by increasing the current. The effects of the three models on the torque ripple coefficient and average output torque of the switched reluctance motor are shown in Table 3 . 
CONCLUSION
(1) Considering the SRM electromagnetic characteristics, edge flux and other factors, the auxiliary elliptical core is added to both sides of the conventional SRM parallel rotor tooth profile from the structure design of the motor body, and the 12/8 pole motor simulation model is constructed. The electromechanical dynamic response characteristics of the motor magnetic field, torque ripple and other transient processes are simulated, and the relationship between the ratio of the minor axis to the long axis of the auxiliary core and the torque ripple is verified. The torque ripple coefficient is significantly reduced by selecting the appropriate coefficient.
(2) The combination of the optimized turn-on angle and turn-off angle can alleviate the torque jump caused by SRM commutation. From the simulation results, the optimized model mitigates the torque jump during commutation, resulting in a significant reduction in torque ripple coefficient. However, compared with the conventional model, the average output torque is reduced. To overcome this disadvantage, the method of increasing the current can be used to increase the output torque.
This method can reduce the torque ripple of SRM as well as the local saturation of the motor and can ease the commutation torque caused by the big jump; this method has reference significance for other doubly salient motors.
